The cytological development of microspores and tapetum in cytoplasmic male sterile (CMS) line A14 and its maintainer B14 in radish were studied using light-and transmission electron microscopy (LM and TEM). The microspores of the CMS line began to abort soon after they were released from tetrads in pollen sacs with light microscopy investigation, while abnormal behavior of pollen mother cells (PMC) were observed during its meiotic stage in its ultra-structural study, including degeneration of organelles and irregularity of nuclear membrane. At the same time, development of tapetal cells was similar to that of the maintainer. With further development of the anther, the tapetal cells of CMS line showed an abnormal increase in size and other appearances, such as fewer organelles and indistinct cytoplasm. The microspores of the CMS line were always distinguishable from the maintainer line with irregular structure, more osphilic deposits and abnormal exine. It is inferred that abortion of microspores is attributed to mutation of genes controlling male sterility, which further leads to hypertrophy of tapetum and destruction of ultra-structure.
Introduction
Radish (Raphanus sativus L.) is an important horticultural crop in the world and widely cultivated for its food and pharmaceutical value (Curtis 2003; Wang & He 2005) . Cytoplasmic male sterility (CMS) can be used for F 1 hybrid seed production with high purity in many crops exhibiting significant heterosis. Comparing with hand-emasculation and pollination and selfincompatibility line, CMS line is much more effective and economical in the commercial production of hybrid seeds in radish and other crucifer vegetable crops. In addition, germplasm with CMS is the important genetic stock for understanding the mechanism controlling the male sterility in plant (Schnable & Wise 1998; Liu et al. 2003; Hanson & Bentolila 2004; Giancola et al. 2007) .
Numerous anatomical studies have attempted to elucidate the mechanism of male sterility (Laser et al. 1972; Grant et al. 1986; Engelke et al. 2002; He et al. 2003) . Developmental aberrations resulting in male sterility may occur at any stage of anther development, but commonly occur during microsporogenesis or micro-gametogenesis. Much effort has been made on CMS in radish. The heterosis in radish is much significant, especially in improving yield, quality and disease resistance (Wang & He 2005) . Several cytological studies on CMS in radish have been reported since Ogura (1968) firstly found CMS in radish. Su et al. (1995) studied the microsporogenesis of radish line 64A and suggested that vacuolization and hypertrophy of tapetal cells caused the abortion of pollen. Five kinds of radish male sterile cultivars were investigated, and male sterility was attributed to premature degeneration of tapetum (Dong et al. 1996) . In spring radish, male sterility was caused by the vacuolization of tapetum and microspores resulting in non-viable pollen production (Zhang et al. 2000) . Due to the limited resources of germplasm, the collection, identification and classification for cytoplasmic types of male sterility in radish need to be investigated. There have been very few studies on the ultra-structure of anther ontogeny in either male fertile or CMS radish.
In the present study, anther development and microsporogenesis of newly developed CMS line A 14 and its maintainer B 14 in late bolting radish was investigated using both light-and electron-microscopy. The objective was to elucidate the development process resulting in male sterility and provide valuable information for characterizing and classifying of the CMS types in radish.
Material and methods

Plant materials
The CMS line A14 and its maintainer B14 of radish was used in the study, which were newly developed by National Key Laboratory of Crop Genetics and Germplasm Enhancement, Nanjing Agricultural University, China.
Methods for light microscope (LM) observation
Flower buds of certain sizes of different stages were excised from A14 and B14 plants and fixed in FAA fluid (50% ethanol:formalin:acetic acid 18:1:1, v/v). Following four dehydration steps with ethanol, the buds were embedded in glycol methacrylate. Longitudinal and transverse sections of 6 µm were cut using a microtome and specimens were fixed on slides and then stained with 4% iron alum and 0.5% hemaloxylin, and then post-stained with 0.12% fast green, coated with neutral balsam. Specimens were observed using a light microscope OLYMPUS-BH2 and then photographed.
Methods for transmission electron microscope (TEM)
Anthers excised from buds of male fertile and male sterile plants were in the same developmental stage, when fixed overnight in 2.5% glutaraldehyde dissolved in 0.025M phosphate buffer (pH 6.8), washed three times in chilled buffer, and post-fixed in 1% osmium tetroxide in the same buffer, dehydrated in an ethanol gradient to absolute ethanol, and embedded in Spur's resin. 0.06 µm-thick sections were cut on a LKB-2088 ultra-microtome using glass knives. The sections were stained for 30 min in 2% uranyl acetate, and post-stained for 10 min in 0.3% lead citrate. Transmission electron microscope (TEM) observations were made with a JEM-100XTEM with an accelerating voltage of 80kV.
Results
Anther development and microsporogenesis in maintainer B 14
The fertile anther plays an important functional role in the male reproductive system, which consists of four pollen locules within which mature pollen grains occur. Firstly, the sporophytic cells develop under the epidermis, and then later give rise to the tapetal initial and sporogenous initial, and finally the pollen mother cells (PMCs) are formed following cell division. Anther wall is produced in the early stages of microsporogenesis including four single layers of the epidermis, the endothecium, the middle layer and the tapetum. The PMCs undergo meiotic division and the tapetum consists of uninucleate or binucleate cells (Fig. 1) .
The dense cytoplasm of PMC is abundant organelles, especially with circular-shaped Endoplasmic Reticula (ER) and vacuoles. Some of the vacuoles encapsulate the degenerating cytoplasm. Abundant sporopollenin precursors are secreted for the microspores, which leads to the development of the exine (Fig. 13) (Rowley 1973) . Some PMCs contain bundleshaped ER with ribosomes attached, their vacuoles fuse to form large ones (Fig. 14) .
During tetrad stage, the middle layer is compressed to form a narrow band while the other part of anther wall is well established; microspores at this stage appear oval-shaped (Fig. 2) . The tapetum enlarges soon after the microspores are released from the tetrads, due to one or two vacuoles enlargement. Microspores at this stage have a nucleus (Fig. 3) . Under TEM observation, tapetal cell organized rectanglely contain numerous large vacuole, some of which are enclosed by cytoplasm or amorphous deposits ( Figs 15, 16) ; sporopollenin deposits and the exine become formation. Vacuolate microspores are present, and numerous small vacuoles advent in microspore cytoplasm. Microspores during this stage become filled with organelles including mitochondria and ER. Both the microspore cytoplasm and organelles are dark-staining (Fig. 17) .
At the vacuolate microspore stage, the tapetal cells with a nucleus have further developed and fused to form the periplasmodial. Microspores begin to undertake a round-shape with a prominent nucleus (Fig. 4) . In addition, at this stage, the fertile anther organelles are abundant in the tapetal cytoplasm. For example, mitochondria dilate, and vesicles derived from ER surround the cytoplasm or organelles occasionally, ER are attached with many ribosomes, plastids are darkly stained (Figs 18, 19) . At the same time the microspore has also many mitochondria, ER and large vacuoles (Fig. 20) , and the mitochondria are dilated. During anther development, the tapetum undergoes further internal degeneration, and pollen grains develop further. The cells of the endothecial layer under the epidermis increase in size (Fig. 5) , which leading to the mechanical rupture of the anther and thus release of pollen.
Anther development and microsporegenesis in CMS line A 14
Anther development is similar in both fertile and CMS lines up to the tetrad stage as observed by light microscopy (Figs 6, 7) . At the meiotic stage, however, the CMS line PMCs exhibit abnormal phenomena, including thin cytoplasm and many organelles degenerating and ER with few ribosomes. Some degenerating meiocytes contain a large nuclear envelope that loses its integrity. The sporopollenin deposits appear to be less than the maintainer near to the tetrad stage (Figs 23, 24) . During this stage, the tapetum of both maintainer and CMS lines are not distinguishable (Figs 11, 21) with plasmodesmata occurring between cells (Figs 12, 16) .
At the later tetrad stage, many vacuoles lose their integrity and are present in disorganized CMS tapetal cells in CMS line A 14 . Indistinct tapetum cytoplasm contains bundle-shaped ER producing pre body of vacuoles (Fig. 25) . The abnormal microspore cytoplasm contains circular-shaped ER and an indistinct nuclear zone. The nucleolus is indistinguishable and chromosomes appear attached to each other. The exine develops abnormally including irregular shape, small volume and thinner thickness of the exine and starts to degenerate (Figs 26, 27) .
During mononuclear stage, borders between the tapetal cells are indistinct and appear fused to form a large clump. Microspore cytoplasm also shrinks as shown by exine lightly staining (Fig. 8) . Under electron transmission microscope, it can be seen that tapetal cell have many small vacuoles, bundle-shaped ER and nucleus with nucleolus within the disorganized cytoplasm (×10,000) ; 26 -Cytoplasm of microspores which are differently osmiophilic (arrowhead) with abundant circular-shaped ER, (×10,000); 27 -Light staining of microspore exine with variable thickness; nuclear membrane not intact and nuclear zone not visible (arrowhead), (×10,000); 28 -Cytoplasm of tapetal cells containing many small vacuoles and degenerating organelles (arrowhead), (×5,800); 29 -Vacuoles containing incomplete degenerated cytoplasm (arrowhead) with circular-shaped ER, (×14,000); 30 -Adhering microspores (arrow) that are highly osmiophilic with degenerated organelles and little vacuoles, (×10,000). (Figs 28, 29) . The microspores do have an abnormal cytoplasm containing indistinct organelles. The nucleus with nucleolus is present, but the nuclear envelope is not intact. Unlike in maintainer, the exine deposition of the microspore is reduced significantly and development is inhibited in CMS line A 14 . These kinds of cells appear to adhere to each other latterly (Fig. 30) .
With the development of anther, the hypertrophical tapetum completely degenerates and the nucleus is observed only occasionally. At this time, the endothecial cells enlarge, and the microspore cytoplasm further shrinks (Figs 9, 10 ).
Discussion
Male sterility plays an important role in heterosis utilization in radish and other crops. In most cases abortion of the microspore attributes to abnormal behaviors of the tapetum (Chen et al. 1988; Su et al. 1995; Dong et al. 1996; Zhang et al. 2000) . In CMS lines and its maintainer, it seems that the development of an anther is similar up to the tetrad stage as observed by light microscopy. However, at meiosis, both lines are distinguishable at the ultra-structural level, including thinner cytoplasm and degenerated organelles. Meanwhile, the development of tapetum in both lines is in similar status. With the development of the anther, the CMS tapetum shows hypertrophy and degeneration, and the microspore cytoplasm shrinks and finally aborts. Numerous vacuoles are present in tapetal cells, which may have the similar function as the lysosome that degenerate the tapetal cytoplasm from tetrad stage to the late mono-nucleus stage (Hu et al. 1977; Huang et al. 1981) .
It has been identified that microspore and tapetum cells secrete sporopollenin precursors that polymerize on to the primexine of microspores, leading to the development of the exine (Rowley 1973; Engelke et al. 2002) . In the CMS line A 14 the development of the exine microspore is inhibited, which resulting from decreasing sporopollenin precursors secreted by both cells as confirmed by light-and electron-microscopy. During the later stage of development the tapetal cell appeared to enlarge abnormally and degenerated, which leading to the lack of nutrients for microspore, and so the pollen aborted (Chen et al. 1984; Grant et al. 1986 ). It is suggested the programmed cell death (PCD) occurred in tapetal layer and microspore abortion in CMS line recently (Hanson & Bentolila 2004) . From the abnormal phenomena observed in early development of the microspore it can be inferred that the gene(s) controlling male fertility have mutated in the CMS line. Some reports show that orf138 may be associated with the male sterility in ogura CMS cytoplasm of radish (Schnable & Wise 1998; Hanson & Bentolila 2004; Giancola et al. 2007 ). We also isolated its full length sequence (GeneBank accession No. AY567471) from the CMS line L-51-chun A-4 which CMS line A 14 in this study derived from with the same cytoplasm. Further investigations with molecular biological technology are undertaking to explore the relationship between the orf138 expression character and male sterility, and fully understand its mechanism and accelerate the utilization of the male sterility in radish ultimately (Schnable & Wise 1998; Hanson & Bentolila 2004; Giancola et al. 2007 ).
